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Summary 
Using the fluorescent membrane label FM 1-43, we 
have measured the release, reuptake, and repriming 
of synaptic vesicles in response to action potential 
stimulation of cultured hippocampal neurons. We find 
that - 90% of a recycling vesicle pool is released dur- 
ing 60 s of 10 Hz action potential firing, and that a 
single action potential releases approximately 0.5% of 
that pool. Our data also indicate that endocytic reup- 
take of vesicle membrane externalized by 10 Hz action 
potentials lags exocytosis, with a half-time on the or- 
der of 20 s, and that the minimum time for repriming 
of an endocytosed vesicle is on the order of 15 s. Fi- 
nally, we find that once vesicles have undergone this 
repriming period, they become functionally mixed in 
the vesicle pool within a few minutes; the probability 
of release for recently recycled vesicles is indistin- 
guishable from that of vesicles that have resided within 
the bouton for much longer periods. 
Introduction 
Presynaptic neurotransmitter release is thought to occur 
in most or all instances by a process of vesicle exocytosis 
(Kelly, 1993). The probability of exocytosis during action 
potential firing is thought to be a fundamental parameter 
of synaptic and nervous system function, and modulations 
of vesicle availability may well participate in learning and 
memory mechanisms. The processes that govern vesicle 
availability are thus of central interest to cellular neurobi- 
ology. 
It is well established that vesicles that mediate fast syn- 
aptic transmission are recycled locally for repeated re- 
lease (Heuser and Reese, 1973; Ceccarelli et al., 1973; 
Betz et al., 1992). Kinetic parameters of presynaptic vesi- 
cle recycling, as well as the size of the releasable pool, are 
therefore surely important determinants of transmission 
at such synapses. Unfortunately, these parameters have 
been very difficult o study quantitatively, particularly in the 
CNS. The fluorescent optical tracer techniques recently 
introduced by Betz and colleagues (Betz et al., 1992; Betz 
and Bewick, 1992), however, open up exciting new possi- 
bilities for the study of recycling parameters. Those work- 
ers showed that the amphipathic fluorescent probe FM 
1-43 could be used to track the recycling of cholinergic 
vesicles at intact, functioning motor nerve terminals. We 
later found that the same methodology could be applied 
to neuronal synapses in hippocampal cultures, in which 
the transmitters are amino acids (Ryan et al., 1993). 
The results described here represent our first use of 
FM 1-43 to characterize the vesicle release and recycling 
driven by action potential stimuli in hippocampal neurons. 
The work focuses primarily on measurements of, first, the 
kinetics of vesicle pool turnover with defined trains of re- 
petitive action potentials; second, vesicular release per 
action potential as a fraction of the total recycling vesicle 
pool; third, the timing of vesicle membrane reuptake; 
fourth, the kinetics of vesicle repriming; and fifth, the ex- 
tent of functional mixing occurring in the vesicle pool dur- 
ing recycling. 
In our previous study (Ryan et al., 1993), vesicular re- 
lease was elicited by high potassium depolarizations, so 
it was not possible to characterize release in terms of the 
physiological.action potential stimulus or to be certain that 
reuptake or repriming parameters would correspond to 
those relevant for physiological stimuli. The use of electri- 
cally elicited action potential stimuli has also allowed im- 
proved temporal resolution in all kinetic measurements. 
These data indicate that initially - 0.5% of the pool is uti- 
lized during each action potential, and that virtually all of 
the pool is utilized within <120 s at a stimulus frequency 
of 10 Hz. Pulse-chase measurements of the endocytic 
phase of the synaptic vesicle cycle indicate that endocyto- 
sis lags exocytosis by - 20 s at this stimulus rate, whereas 
a minimum of 15 s is required for repriming of -75% of 
the recycling pool of vesicles. Finally, by comparing the 
relative destaining rates between partially and fully labeled 
pools of vesicles, we show that once vesicles are recycled 
they are eventually mixed with unused vesicles and com- 
pete equally for subsequent release upon action potential 
firing. 
Results 
FM 1-43 Loading and Unloading with Action 
Potential Firing 
Figure 1A shows a differential interference contrast image 
of a hippocampal cell culture preparation. Figure 1 B shows 
a fluorescence image of the same field after it has been 
bathed with the marker FM 1-43, stimulated electrically to 
fire a train of action potentials at 10 Hz for 1 rain (see 
Experimental Procedures), and then rinsed in an FM 1-43- 
free solution for 5 rain. The fluorescent punctae evident 
are stable for several hours under these conditions. These 
punctae almost certainly correspond to presynaptic termi- 
nal boutons, in which the recycling vesicle pool has 
trapped the fluorescent marker as a result of action poten- 
tial firing. This staining pattern has been shown previously 
to be strictly dependent upon membrane depolarization 
in the presence of external Ca 2÷ and to coincide quite pre- 
cisely with immunoreactivity o presynaptic proteins (Ryan 
et al., 1993). Figu re 1C shows the same field after a second 
episode of electrical stimulation for 80 s at 10 Hz, this 
time in the absence of extracellular FM 1-43. This stimulus 
reduced the fluorescence of almost all punctae by at least 
900,  to levels comparable to nonsynaptic background ar- 
eas. This residual FM 1-43 fluorescence probably corre- 
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Figure 1. Staining and Destaining of Synaptic Terminals in Cultured 
Hippocampal Neurons Using Electrical Stimulation 
(A) A scanning differential interference contrast/Nomarski image of a 
field of axons and dendrites of cultured hippocampal neurons. 
(B) The same area viewed inscanning fluorescence after stimulation 
at 10 Hz for 60 s in 15 p,M FM 1-43 and rinsing for -5  min. The 
fluorescent punctae are a result of this staining procedure. 
(C) The same field as in (B), after a further 80 s of electrical stimulation 
at 10 Hz. Note the marked decrease in fluorescence intensity of most 
of the punctae visible in (B). The few areas that do not destain were 
considered to be nonspecific background and were not included in 
any analyses. 
Bar, 10 I~m. 
sponds mostly to staining of nonvesicular elements but 
may possibly also reflect some small fraction of formerly 
active vesicles that have become inactivated. Both loading 
and unloading of FM 1-43 under field stimulation is com- 
pletely blocked by tetrodotoxin (data not shown). 
Dye Uptake Kinetics 
Figure 2A illustrates the procedure we used to measure 
the uptake of FM 1-43 by synaptic vesicles during defined 
action potential stimulus trains. Boutons were stimulated 
in the presence of extraceltular FM 1-43 with a train of 
action potentials of length At and then rinsed after allowing 
sufficient ime for completion of endocytosis (see below). 
To correct for any residual fluorescence distinct from that 
contained by active synaptic vesicles, vesicular loading 
was quantified by measuring fluorescence before and 
after a subsequent long unloading train of action potentials 
and expressing the difference as AF. Figure 2B illustrates 
two series of such fluorescence measurements on individ- 
ual boutons similar to those shown in Figure 1B. The differ- 
ent curves represent single destaining runs from the same 
bouton, which had been loaded and destained repeatedly. 
Each run used a loading stimulus train of different length 
At. To compensate for any gradual rundown in synaptic 
function, series of measurements with variable At were 
interspersed between bracketing runs, with At = 2 min. 
Dye loading values were then normalized relative to mean 
values of the bracketing runs. The complete curve of vesic- 
ular dye loading as a function of action potentials is illus- 
trated in Figure 2C, which shows data pooled from 30 
individual boutons loaded with pulse trains up to 2 min in 
duration. 
The loading curve of Figure 2C clearly shows an asymp- 
totic relationship between dye loading and stimulus train 
duration. The asymptotic dye loading value is not in- 
creased at higher stimulus frequencies (data not shown). 
Figure 2D shows that the asymptote is not a consequence 
of the inactivation of stimulus-secretion coupling, be- 
cause action potential stimuli delivered during the asymp- 
totic phase remain fully competent o release stained vesi- 
cles. The release curve shown in the left panel was 
obtained 5 min after loading a terminal with FM 1-43 using 
a 60 s train of 10 Hz action potentials. During the loading 
sequence, maintenance of action potential stimulation for 
an additional 2 min following dye removal greatly reduced 
the amount of dye incorporated (Figure 2D, middle trace), 
indicating that vesicles labeled in the first minute are 
readily rereleased during the following 2 rain. 
Destaining Kinetics 
The destaining of FM 1-43-loaded boutons occurs with 
kinetics indistinguishable from those of the loading curve. 
Figure 3A depicts a normalized destaining time course 
from a single bouton (solid line) overlaid onto the loading 
curve of Figure 2C. Figure 3B compares a destaining curve 
made by averaging data from 30 boutons with the loading 
curve and clearly illustrates the close match between the 
two data sets. 
We shall argue in the Discussion that the fluorescence 
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Figure 2. FM 1-43 Loading Saturates with 
Long Stimulus Trains 
(A) The loading procedure. An electrical stimu- 
lus at 10 Hz is applied for a period At in the 
presence of FM 1-43, which is rinsed away 1 
rain after stimulus termination. Loading for a 
given stimulus duration At is assayed during 
a destaining run, and the process is repeated 
for different At values. 
(B) Destaining curves measured from two 10 
Hz trains over a single fluorescent puncta, with 
At = 7.5 s (lower trace) and At = 120 s (upper 
trace). The total fluorescence loss AF during 
destaining is the measure of loading. 
(C) A loading curve compiled from measure- 
ments obtained for a set of different Ats at 30 
individual boutons. Each AF value was normal- 
ized to At = 120 s values for that bouton. The 
large error bars represent standard deviations, 
and the small bars represent standard errors 
(n = 30). 
(D) Saturation is not due to fatigue of the stimu- 
lus. The impact of a stimulus prolonged for a 
period 2 rain in excess of a 1 min loading period in FM 1-43 is depicted for an individual bouton. The upper panels shows the loading protocol 
used, and the lower panels show the destaining curves obtained subsequently. The decrease in loading in the middle panel shows that the stimulus- 
secretion coupling is still effective late in the stimulus train. The repeated loading and unloading shown in the right-most panel verifies continued 
viability of the same bouton. 
asymptote evident in loading curve of Figure 2C repre- A 
sents saturation of the recycling synaptic vesicle pool. If . 
this assumption is correct, the dye uptake and destaining ~ "~ 
curves imply that 75% or 76%, respectively, of the entire ~ ~ 
vesicle pool is utilized within 30 s at a stimulus frequency ~ =~ 
of 10 Hz. Approximately 90% of the pool is utilized within ~ ~ 
60 s, and essentially all of the pool is used within 120 s ~ > 
of such stimulation. The initial slope of the loading curve _o "5 
would indicate that an individual action potential early in -~ --~- 
the train mobilizes 0.48% of the vesicle pool. ~_ ~. 
Vesicles Mix within the Terminal and Compete o, 
Equally for Release B 
We used a variant of a protocol introduced by Betz and ~ * 
Bewick (1992) to test for functional mixing of recently recy- ~ oo 
cled vesicles into the releasable pool. Boutons were ~ ~ 
loaded alternately with short vs. tong stimulus trains de- ~ ~ d 
signed to produce either fractional or complete loading of ~ ~ 
the pool. In the fractional loading case, stained, recently ~ > _o "5 
recycled vesicles would coexist with unstained vesicles ~ ~ ~. c5 
of longer residence. Measurement of destaining rates al- ~ ~ @ 
lowed us to determine whether any preferential order is ~- "- 
maintained during recycling with respect to the releasabil- o, 
ity of the vesicles over the time scale required for the load- 
ing and unloading ( -5  min). 
In Figure 4A, destaining curves measured at a single 
bouton in which either 100% or 36% of the vesicles are 
labeled are compared. Figure 4B illustrates a comparison 
of the ensemble average destaining curve (30 boutons) 
obtained after the same partial and saturating loads of the 
releasable vesicle pool. No consistent differences were 
observable in such time course comparisons. The very 
close match between these curves, taken together with 
the close match of loading and destaining curves, demon- 
strates that recycled vesicles mix within the pool and are 
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Figure 3. Fluorescence Destaining Kinetics Match the Loading Ki- 
netics 
(A) A single destaining run (plotted as the fractional oss of fluores- 
cence) taken from the experiment shown in Figure 2 of an individual 
bouton, which was previously loaded to saturation, normalized, and 
overlaid onto the saturation curve of Figure 2C. Note the close 
agreement between the two curves. 
(B) As in (A), but overlaying the saturation curve and the destaining 
curve compiled from 30 individual boutons, which were normalized 
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Figure 4. Recently Recycled Vesicles Mix Functionally with Vesicles 
of Longer Residence within 5 min of Recycling 
(A) Comparison of the kinetics of destaining of an individual bouton 
previously loaded to saturation (solid line) or to 36% (dashed line). 
(B) As above, but comparing the average destaining curve of 30 bou- 
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Figure 5. TheKineticsofEndocytosis Following ElectricalStimulation 
The experimental protocol is shown in the inset. Boutons were stimu- 
lated by 10 Hz, 30 s action potential trains, and endocytosis was as- 
sessed by applying the dye after a variable delay (At). As At is pro- 
longed, more endocytosis occurs during this period, reducing dye 
uptake. Loading was quantified by measuring release evoked by later 
electrical stimuli. Ensemble averages of measurements of the labeled 
synaptic vesicle pool size normalized to the At = 0 condition. The 
release signals for a given value of At were generally measured at 
least twice at an individual bouton and compared with at least two 
measurements of the At = 0 condition. Bars, _+ 1 SEM. 
- 10 s after the start of the train (as determined from Figure 
3), we conclude that endocytosis is half completed within 
-20  s. 
The Kinetics of Repriming and Vesicle Mixing 
In an earlier report (Ryan et al., 1993), we described a 
procedure for measuring the repriming interval that must 
elapse between vesicle membrane reuptake and the avail- 
not maintained in a hierarchy of releasability related to 
their history of use over the time scales of these measure- 
ments. 
The Time Course of Endocytosis 
To measure the kinetics of endocytic vesicle membrane 
reuptake following electrical stimulation, we used a proto- 
col similar to that used previously to study endocytosis 
after KCI stimulation (Ryan et al., 1993). As illustrated in 
Figure 5 (inset), we stimulated here with a train of action 
potentials at 10 Hz for 30 s. FM 1-43 is presented after 
a variable delay time (At) such that vesicles undergoing 
endocytosis during the variable delay period escape label- 
ing, whereas vesicles retrieved after the delay are labeled. 
The extent of labeling, AF, is determined after 5 min of 
washing by measuring the total fluorescence decrease 
during subsequent stimulation. Correction for effects of 
gradual rundown was made by interspersing each set of 
runs with At =~ 0 between a pair of bracketing runs with 
At = 0; the relative amount of loading with At =~ 0 is 
normalized to the mean of values in the bracketing runs. 
Figure 5 illustrates the compilation of data taken from dif- 
ferent experiments. These data indicate that by the end 
of a 30 s stimulus at 10 Hz, 47% of the vesicles that have 
fused with the membrane have undergone endocytosis. 
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Figure 6. The Time Course of Vesicle Repriming 
Inset shows experimental protocol. Boutons were stimulated uring 
a 30 s application of dye by a train of 10 Hz action potentials that 
exceeded the dye application by an amount of time At. The resulting 
loading in individual nerve terminals is assessed by a further electrical 
stimulation at 10 Hz after -5  rain of rest. An estimate of the total 
releasable pool of labeled vesicles (R0) is obtained from the At = 0 
run, whereas the impact of the additional action potentials interposed 
for a period At after the dye has been rinsed away is determined by 
measuring the remaining dye for these Ioadings (RAt). The more re- 
lease during the additional period At, the smaller RAt, the larger Ro - 
RAt. Collected data are shown for (R0 - R~t), normalized to the value 
of Ro. Measurements were repeated at least twice for each At and 
At = 0 at many individual boutons. Shown here are the results of four 
different experiments. Each experiment consists of measurements of 
20-30 boutons. Bars, - 1 SEM. 
vesicle Pool Dynamics 
987 
ability of a stained vesicle for rerelease. The use here of 
action potentials rather than high potassium stimulation 
allowed for a significant refinement in this measurement. 
FM 1-43 is introduced for a fixed period of time (30 s), 
coincident with the initiation of a train of action potentials 
that outlasts exposure to the dye by At (Figure 6, inset). 
Fluorescence incorporated into vesicles during such load- 
ing (RAt) was determined by measuring the releasable fluo- 
rescence 5 min later. These data were normalized with 
respect to a loading sequence in which stimulation was 
terminated at precisely the same time as the extracellular 
dye was washed away (At = 0, R0). The ratio (R0 - R~t)/R0 
gives the fraction of fluorescence depleted by the addi- 
tional action potentials fired during the interval At and rep- 
resents recovery of releasability of recently endocytosed 
vesicles during this interval. Figure 6 depicts the results of 
such an analysis. Each datapoint is an ensemble average 
obtained from 30 boutons. These data reveal several strik- 
ing features. During continuous action potential stimula- 
tion, no fluorescence is depleted for at least 15 s after dye 
has been rinsed away. After this delay, - 75% of the dye 
internalized during the period 0 < t ~< 30 s is released 
with kinetics similar to a typical destaining curve (e.g., see 
Figure 3). The remaining -25% is not releasable during 
this train of action potentials (up to At = 3 min) but can 
be released after a sufficient period of inactivity. 
Discussion 
Using an adaptation of the FM 1-43 method developed by 
Betz et al. (1993) for the study of cholinergic motor nerve 
terminals, we have analyzed the recycling of vesicles at 
synapses between hippocampal neurons. In an earlier 
study (Ryan et al., 1993), we stimulated vesicle release 
by KCI depolarization. In the present work, we employ 
action potential stimuli, which place our vesicle recycling 
results in a much more physiological context and allow 
better comparison with the earlier results of Betz and col- 
leagues on the neuromuscular junction, which also in- 
volved action potential stimulation. The total vesicle re- 
cycling time and functional mixing of vesicle pools at this 
central synapse appear strikingly similar to those ob- 
served at the neuromuscular junction. This similarity is 
noteworthy in view of the profound neurochemical differ- 
ences between the cholinergic motor neuron and the hip- 
pocampal neurons, which employ amino acids as transmit- 
ters. The monolayer hippocampal culture preparation 
allowed a separation of total recycling time into vesicle 
endocytosis and repriming phases, which was not techni- 
cally feasible at the neuromuscular junction. The use of 
action potentials rather than KCI depolarization to drive 
vesicle release substantially improved the temporal preci- 
sion of this important functional separation. 
Mobilization of the Vesicle Pool by Action 
Potential Stimuli 
We found that single trains of action potentials could re- 
lease more than 90% of the fluorescence of maximally 
FM 1-43-loaded boutons within 60 s of 10 Hz stimulation, 
This greatly exceeds the maximum efficacy of release ap- 
parent in our earlier work employing KCt-depolarization 
stimuli, and suggests that action potentials are more effi- 
cient stimuli to secretion than any constant depolarization. 
Quantitative interpretation of some of our results de- 
pends on the assumption that the asymptotic level of dye 
loading illustrated in Figure 2C represents staining of the 
entire pool of recycling synaptic vesicles. Several observa- 
tions are relevant o this assumption. First, the asymptote 
was reached long before any profound fatigue of stimulus- 
secretion was demonstrable (see Figure 2D); second, the 
kinetics of staining and destaining were indistinguishable 
(see Figure 3); third, the asymptotic level of dye loading 
was independent of stimulus frequency. Each of these 
observations is predictable from the assumption that the 
loading asymptote reflects saturation of the vesicle pool, 
whereas the latter two in particular would seem at best 
fortuitous and coincidental without such an assumption. 
In fact, all these observations are robust and reliable. 
Our measurements indicate that single action potentials 
can release as much as 0.5% of the fluorescence associ- 
ated with a fully loaded vesicle pool. Betz et al. (1992) 
reported a value of 0.1% from a similar measurement, 
indicating that synapses in hippocampal cultures may re- 
lease a larger fraction of the available vesicle pool per 
action potential than motor nerve terminals. Estimates 
from electron microscopic studies of hippocampus (Harris 
and Stevens, 1989) and hippocampal cultures (Malgaroli, 
1994) suggest that our boutons probably contain 100-200 
vesicles. Release of 0.5% fluorescence would thus corre- 
spond to release of an average of 0.5-1.0 vesicles per 
action potential. This is in the range of estimates obtained 
from electrophysiological studies (Rosenmund et al., 
1993). Among other things, this approximate agreement 
confirms that there is no large fraction of vesicular turnover 
that somehow avoids detection by the FM 1-43 method. 
Vesicle Mixing in the Synapse 
Our inability to discern any preference for or against re- 
cently recycled vesicles by the release mechanism is in 
agreement with the earlier FM 1-43 studies of the neuro- 
muscular junction (Betz and Bewick, 1992) and other work 
using specific vesicular uptake blockers (Searl et al., 
1991). Because of the small size of the hippocampal syn- 
aptic bouton, we did not attempt experiments analogous 
to the two-color imaging design of Betz and Bewick (1992), 
but it is noteworthy that their results also failed to show 
segregation of recently used vesicles. 
The available data on functional mixing limit the fraction 
of the vesicle pool that might exist in a stable, "docked" 
prerelease state. From the signal to noise of the averaged 
release curves like those in Figure 4B, we estimate that 
a shift in the release curves by a single time bin (2.2 s) 
would be detectable. Since the shift appears to be less 
than this, we estimate that docked or any other nonex- 
changing vesicles must represent less than the fraction 
of the pool that could be released during this interval. This 
would amount to at most 10% of the total pool. Since 
our physical understanding of the connection between the 
spatial localization of a vesicle in the terminal and its even- 
tual probability of release is not very advanced, it is difficult 
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to say whether or not this mixing is a reflection of the 
dynamic exchange of vesicles between preferential posi- 
tions (for example, a docked state). 
Kinetics of Endocytosis 
Our measurements indicate that approximately one-half 
of the vesicles released during a 30 s train of 10 Hz action 
potentials (during which - 75% of the pool is utilized; see 
Figure 3B) are internalized by the end of the of the stimula- 
tion period. The average residence time of the vesicle in 
the membrane can be determined roughly using an esti- 
mate of the mean time of exocytosis during stimulation. 
During a 30 s train of action potentials, half of the vesicles 
fuse within - 10 s (see Figure 3B). Thus, we estimate the 
tl/2 for endocytosis to be on the order of 20 s. This is in 
the range of estimates from studies of frog saccular hair 
cells (Parsons et al., 1994) and goldfish bipolar neurons 
(von Gersdorff and Matthe.ws, 1994) and is somewhat 
faster than the endocytic rate we estimated with high po- 
tassium stimuli (Ryan et al., 1993). 
Synaptic Vesicle Repriming 
Using action potential stimulation, we improved the resolu- 
tion of the kinetics of vesicle repriming considerably. Our 
measurements reveal several interesting features of this 
phase of recycling. Our data indicate that after a 30 s train 
of action potentials (in which ~ 75% of the pool is utilized; 
see Figure 3B), vesicles that have been endocytosed re- 
quire a minimum of -15  s for rerelease (see Figure 6). 
After this delay, the kinetics of release appear similar to 
that measured after -5  min of rest, with one interesting 
departure: release of the recently endocytosed pool pro- 
ceeds with a time constant of ~ 200 action potentials (simi- 
lar to Figure 3B) but reaches a steady state after only 
- 75% completion, even after 3 min of continuous electri- 
cal stimulation. Given that the remaining fraction is re- 
leased after 5 rain of rest in the absence of stimulation, 
and that this 5 min of rest after loading is sufficient to 
reprime all of the recycling vesicles, it appears that there 
might be a partial block of repriming ( -25%)  during sus- 
tained electrical activity. 
It is difficult at this time to assign a definite physical 
interpretation to the repriming interval quantified by our 
procedure. It is possible that repriming delays reflect the 
time necessary to release older vesicles occupying some 
limited set of preferential prerelease sites. That is, reprim- 
ing could be a short-term deviation from the functional 
mixing that was observed after 5 min rest intervals. The 
repriming delay could also correspond to the time required 
for passage of vesicle membrane through an intermediate 
endosomal compartment (Kelly, 1993). Another obvious 
possibility is that the repriming step might correspond to 
the time necessary to refill a freshly endocytosed vesicle 
with neurotransmitter. It should be noted, however, that 
our procedure provides no direct evidence that vesicles 
freshly reprimed for release are actually filled with neuro- 
transmitter. Finally, it is quite possible that the repriming 
step is simply the time required for restoration of vesicular 
secretory competence. Further experiments will be neces- 
sary to distinguish these possibilities and explore their 
mechanistic bases. 
Implications for Synaptic Function and Conclusions 
The results described here imply that rates of endocytosis 
and vesicle repriming should exert very substantial effects 
on vesicle pool size and hence, most probably, on the 
strength of synaptic transmission whenever more than a 
few dozen action potentials are fired within a period of 
less than a few minutes. Likewise, the steady-state size 
of the vesicle pool may become an important determinant 
of synaptic efficacy under the same firing conditions. Be- 
cause such firing is undoubtedly common physiologically, 
our findings confirm that vesicle recycling steps should 
be among the list of potential targets for both homosynap- 
tic and heterosynaptic modulations. Since such modula- 
tions must be fundamental to CNS function, a complete 
understanding of synaptic vesicle recycling and its molec- 
ular machinery stand as central problems in cellular and 
neural biology. This understanding will clearly require a 
physical picture of in situ vesicle dynamics, which fluores- 
cence imaging techniques now seem ready to provide. 
Experimental Procedures 
Cell Culture and Preparation 
Hippocampal CA1-CA3 regions were dissected from 3-5 day old 
Sprague-Dawley rats, dissociated, and plated onto cover slips coated 
with Matrigel (Collaborative Research, Bedford, MA) inside microwells 
formed by sealing a 6 mm diameter glass cylinder (Bellco Glass) onto 
the coverslip using silicone sealant (Dow-Corning). Most details are 
as described in Ryan et al. (1993). Culture media consisted of minimal 
essential media (Gibco), 0.6% glucose, 0.1 g/I bovine transferrin (Cal- 
biochem), 0.025 g/I insulin (Sigma), 0.3 g/I glutamine, 5o/0-10% fetal 
calf serum (Hyclone), 2% B-27 (Gibco), and 8 p_M cytosine 13-o- 
arabinofuranoside. Cultures were maintained at 37°C in a 95% air, 
5% CO2 humidified incubator, and culture media was replaced every 
3 days. 
Experimental Conditions 
Cells were used 3-5 weeks after plating, and the coverslip was 
mounted in a low volume (-75 p.I) laminar superfusion microscope 
chamber and superfused at a rate of - 1.5 ml/min. The chamber, with 
agar bridges and Ag-AgCI electrodes fixed on opposite sides, was 
mounted on the stage of the microscope. Unless otherwise noted, 
cells were continuously superfused in a saline solution consisting of 
119 mM NaCI, 2.5 mM KCI, 2 mM CaCI2, 2 mM MgCI2, 25 mM HEPES 
(buffered to pH 7.4), 30 mM glucose, and 10 p.M 6-cyano-7- 
nitroquinoxaline-2,3-dione (CNQX; Research Biochemicals). The dye 
loading solution consisted of 15 I~M FM 1-43 (Molecular Probes, Eu- 
gene, OR) in the standard saline. All experiments were performed at 
room temperature (-24°C). 
Action Potential Stimulation 
Action potentials were stimulated by passing 1 ms current pulses yield- 
ing fields of -10 V/cm through the chamber. The fidelity with which 
action potentials followed stimulation under these conditions was veri- 
fied by fluo-3 AM measurement of the intracellular Ca 2+ transients 
associated with action potential firing. High time-resolution measure- 
ments of Ca 2+ in the axons and dendrites were obtained using 500 
Hz line scanning. These measurements confirmed that firing rates of 
at least 10 Hz were readily sustained over stimulus trains of the lengths 
used in these studies (<3 rain). 
Optical Measurements and Microscopy 
Scanning fluorescence and differential interference contrast images 
were acquired at a rate of 1 image per 2.2 s using a modified Bio-Rad 
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MRC 500 laser scanning unit coupled to a Zeiss IM-35 inverted micro- 
scope and Nikon 40 x 1.3 NA Fluor objective and were stored digitally. 
Fluorescence was excited using the 488 nm line of an argon laser, 
and emissions were detected through a 515 nm pass filter. 
Quantitative Analysis 
Digital time-lapse sequences were analyzed as previously described 
(Ryan et al., 1993) with the following modifications. Regions of interest, 
typically 1.5 x 1.5 p.m 2, were selected to overlap the largest portion 
of fluorescence spots, while including as little background area as 
possible. A brightness center of mass was computed and used to 
recenter a square region of interest whose pixel intensities were then 
averaged together to obtain a measure of the local fluorescence inten- 
sity in individual synaptic boutons over time. Estimates of vesicular 
release of fluorescence from a given bouton (&F; see Figure 2B) were 
obtained by calculating the magnitude of the difference in the fluores. 
cence intensity averaged over the first five time points (before electrical 
stimulation) with that averaged over the asymptotic phase of release 
(the last five time points) of a given run. Errors given are computed 
standard deviations (SD) as well as standard errors of the mean (SEM), 
as indicated. 
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